Abstract-While interior permanent magnet (IPM) machines have been considered the state-of-the art for traction motors, synchronous reluctance (SynRel) motors with advanced materials can provide a competitive alternative. IPM machines typically utilize neodymium iron boron permanent magnets, which pose an issue in terms of price, sustainability, demagnetization at higher operating temperatures, and uncontrolled generation. On the other hand, SynRel machines do not contain any magnets and are free from these issues. However, the absence of magnets as well the presence of bridges and center post limit the flux-weakening capability of a SynRel machine and limit the achievable constant power speed ratio for a given power converter rating. In this paper, a new material referred to as the dual-phase magnetic material will be evaluated for SynRel designs. This material allows for nonmagnetic regions to be selectively introduced in the bridge and post regions, thereby eliminating one of the key limitations of the SynRel designs in terms of torque density and flux weakening. This paper will focus on advanced SynRel designs utilizing dual-phase material targeting traction applications. The paper will provide a detailed comparison between a dual-phase SynRel design, a conventional SynRel design, and a spoke PM design with rare-earth-free magnets. It will highlight the key tradeoffs in terms of power density, efficiency, and flux-weakening capability.
have been the primary candidates for traction motors in light-duty hybrid-electric/electric vehicles, the price and availability of magnets have been a cause of concern. Typically these motors usually use neodymium iron boron (NdFeB) permanent magnets, which contain both light rare earth materials such as neodymium (Nd) as well as heavy rare-earth materials such as dysprosium (Dy). One of the key risks in terms of using these rare-earth magnets is the significant fluctuation/increase in their prices over the past few years. Applications that use large quantities of these magnets, especially traction motors and wind generators, were the most affected by these fluctuations. There has been an ongoing global effort to try to reduce or eliminate the use of rare earth materials without sacrificing performance too much [2] [3] [4] . As a part of elimination of rare-earth materials, conventional motor topologies such as induction, switched reluctance, and synchronous reluctance (SynRel) are being considered as alternatives. SynRel machines are particularly appealing due to their simple passive rotor structure, comparable power density to induction motors [5] [6] [7] [8] [9] , low rotor losses, and synchronous operation/simple control [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The key disadvantages of the SynRel machine are low power factor and typically limited constant power speed ratio (CPSR) [21] . This is mainly due to the presence of magnetic bridges and/or center posts, especially in high-speed machines. The leakage inductance created by the flux leakage through the magnetic bridges and posts leads to higher operating voltages in the motor under higher frequencies. Ultimately the maximum power capability of the conventional SynRel motors is defined by the voltage limit placed on the motor. In other words, the conventional SynRel motor would have to be significantly oversized to achieve a comparable CPSR as the interior PM machines.
In this paper, a novel SynRel design utilizing new material referred to as the "dual-phase" material, that has been internally developed within General Electric Global Research Center, will be presented. The dual-phase nature of the material allows for masking of magnetic properties in selective regions without having to remove the material in that region. With the help of this dual-phase material, the design eliminates the need for electromagnetic bridges and is also suitable for high-speed operation (the dual-phase material is only used for rotor laminations).
The dual-phase SynRel motor was designed to meet the FreedomCAR DOE 2020 specifications summarized in Fig. 1 as well as Table I . The paper will provide a detailed comparison between the dual-phase SynRel design and a conventional SynRel design highlighting the key tradeoffs in terms of power density, efficiency, and flux-weakening capability. As an added comparison, the dual-phase SynRel design is also compared against a rare-earth-free NdFeB IPM spoke design, also optimized and designed for similar specifications. The effect of using various magnet grades in spoke IPM machines was already presented in [22] . This reference (by the same authors) shows the effects of the magnet properties on the torque-speed performance as well as the high-speed of the motor in the flux weakening regime of operation. The paper has led the authors to the conclusion that it is possible to come up with designs that either reduce or eliminate rare-earth materials and be competitive in terms of various performance metrics compared to the design containing NdFeB magnets with Dy. Additionally, it is also seen that designs with ferrite magnets (or in other words with weak or no magnets) have significant advantages in terms of high-speed efficiency, as well as partial load operating points.
II. SYNCHRONOUS RELUCTANCE MACHINE TOPOLOGY WITH DUAL-PHASE MATERIALS
Conventional SynRel rotor designs use silicon steel laminations including bridges and center posts. While these bridges and posts are necessary for mechanical reasons, they have a significant impact on reducing the electromagnetic performance. This includes reduced saliency and therefore reduced reluctance torque. Higher flux leakage also leads to higher voltage as well as limited flux-weakening capability/CPSR. This impact is magnified in the case of a SynRel machine compared to an IPM machine due to the absence of magnets, which help to saturate the bridges and posts. A cross-section of a conventional SynRel rotor is shown in Fig. 2 .
Nonmagnetic regions can be introduced into dual-phase magnetic materials [23] , [24] through the use of local heat treatment. GE internally developed such a material (the details of the material composition and the process to achieve the local nonmagnetic regions are proprietary at the moment). The two phases of the material are highlighted in Fig. 3 . The green regions in the design represent the magnetic phase of the material, while the red regions represent the nonmagnetic phase of the material. By the choice of the design, the bridges and the center posts can be made as nonmagnetic regions and this choice will have a significant impact on addressing the challenges of SynRel machines previously highlighted. The BH curve of the GE material is shown in Fig. 4 . The magnetic and electric properties of the new material are summarized in Table II . The magnetic regions have a high saturation limit of magnetization of about 1.5 T and are lower than those of the regular silicon steel. On the other hand, the nonmagnetic regions have been seen to be extremely close to air in their magnetic properties, and the relative permeability of the nonmagnetic regions is unity. Another aspect of the dual-phase laminations that is included in the analysis is the aspect of the higher core losses. However, the higher core loss is acceptable in this design procedure, as the rotor losses are extremely low. The mechanical properties of the dual-phase material in the magnetic and nonmagnetic regions are shown in Table III . The magnetic regions have a yield strength of 40 ksi while the nonmagnetic regions have a yield strength of 78 ksi, which further helps reduce the thickness of the bridges and posts.
A magnetic paper is a simple method to check the magnetic nature of the lamination. It consists of magnetic domains and after placing a weak (ferrite) magnet below the lamination, these magnetic domains concentrate into the green region if the lamination region is magnetic. Fig. 5 shows a proof-of-concept lamination and the green region shown in bottom-left picture shows the shaded green region is magnetic, and upon careful observation, even though the bridge and center posts are physically present, they are actually not shaded and hence are nonmagnetic This proof of concept lamination validates the nature of the dual-phase material to cer- tain extent electromagnetically, while the complete mechanical performances are yet to be verified. Motor manufacturing is in progress to verify and confirm the mechanical strength of the dual-phase materials as well as the complete electromagnetic performance.
III. OPTIMIZATION OF DUAL-PHASE DESIGN
Due to the lower saturation level of the dual-phase magnetic material compared to regular silicon steel laminations as shown in Fig. 4 , its use is limited to the rotor. Optimization of the SynRel designs with dual-phase material is performed with the assumption that the bridges and center posts are completely nonmagnetic (µr = 1). The rotor parametric model considered for optimization is shown in Fig. 6 .
Optimization is performed for various numbers of layers for each pole number, while keeping the slot/pole/phase of two, with the goal of achieving the best torque/power density. The primary objective is
Two of the primary constraints on the motor are that it needs to deliver a peak power of 55 kW at 2800 r/min (1), and a continuous power of at least 30 kW at 14 000 r/min (3), both under a nominal dc bus voltage of 325 VDC and are analytically shown as follows:
P out > 30 kW, |v dc | < 325 VDC, 14 000 r/min.
Additionally, thermal constraints for peak and continuous power operation are imposed using current density limits The mechanical constraints on the design are imposed by limiting the rotor outer radius to 100 mm across all of the optimized designs, and it is expected that the motor can be designed in such a way that the nonmagnetic region can be scaled to allow for mechanical integrity at the top speed of 14 000 r/min.
In the process of optimization, the pole numbers are swept from a value of 6-12 to limit the maximum fundamental electrical frequency. Each design meets the peak power requirement, as well as the continuous power requirement up to 14 000 r/min. Core loss tests have been done on the new material at a commercial facility and the core loss coefficients are obtained by Epstein tests on dual-phase laminations. Core loss coefficients of the conventional lamination material are also obtained in similar manner. The core loss calculation for both the machines has been evaluated in finite element analysis. The finite element program used is a commercial program called MagNet, and the core loss calculation is estimated from the Fourier components of the flux density waveform in the motor at various mesh elements.
The variation of the design mass as a function of number of layers for each pole number is shown in Fig. 7 . There is an optimum number of layers for each pole number that achieves the highest power density.
Lower pole number designs possess greater saliency than high pole number designs, but they also require thicker back-irons for the stator and rotors compared to high pole number designs. In general, these results are very significant as they show that by using the dual-phase magnetic material, we can come up with SynRel machines that have 5:1 CPSR and competitive active mass/power density compared to IPM machines designed for the same set of specifications [1] . This significantly opens up the design space for this kind of machine. The saliencies achieved under the peak power and continuous power at maximum speed operation are shown in Tables IV and V, respectively. While the saliency under peak power condition is generally better in the lower pole numbers, all of the saliency numbers are very close to each other. This is mainly due to the high saturation level under peak power operating condition. It is important to keep in mind that even though the saliency ratios might be close, the 
On the other hand, saliency numbers are more distinct under the maximum speed of 14 000 r/min and continuous power of 33 kW, with the saliencies being the highest in the lower pole numbers. Additionally, saliency improves with increasing number of layers, for a particular pole number.
IV. FINAL OPTIMIZED DESIGN AND COMPARISON TO CONVENTIONAL SYNCHRONOUS RELUCTANCE DESIGN
The 12-pole, 3-layer dual-phase SynRel motor design is chosen for a final design. Besides the two-dimensional analysis of the dual-phase SynRel design, a complete three-dimensional (3-D) analysis is undertaken to account properly for the effect of end regions on the d,q inductances and hence the overall saliency. 3-D effects increase both the d-and q-axis inductances but in a disproportionate manner. In other words, there is a greater increase in the d-axis inductance compared than the q-axis inductance. This reduces the output torque, while increasing the voltage. Therefore, this particular 8-pole, 3-layer design will not be able to achieve the peak power and the rated power requirements as it was originally designed. The motor must either increase in mass or the voltage must be increased in order to allow it to meet these requirements.
In order to get a good start on the mass without 3-D effects, the 12-pole dual-phase SynRel design is chosen. The design underwent an additional sizing based on reduction of turns/phase and length in order to be able to meet the power and voltage constraints. The design's stack length was increased to compensate for the reduced saliency, and this increased the active mass of the design from 21.0 to 24.9 kg.
The cross-section of the final dual-phase SynRel motor is shown in Fig. 10 , along with the conventional SynRel design in Fig. 11 . Their performances are compared in Table VI . For the design of the conventional SynRel design (with magnetic bridges and posts), the trends seen in the previous section are still valid. The sizing of the bridges and center posts based on mechanical analysis is time consuming. The designs in Table VI are reached based on the following items: 1) keeping same maximum top speed for mechanical integrity, as shown in the stress analysis in Figs 8 and 9; 2) ability to achieve the minimum peak power of 55 kW at 2800 r/min. In other words, both the designs are optimized to achieve the best power density while reaching the maximum mechanical limits. The optimization involved a combination of electrical and mechanical aspects, and it has been discussed in [14] . From mechanical and electromagnetic optimization, it was found that it is not possible to push the conventional SynRel design beyond 155 mm.
On the other hand, since technically there is no electromagnetic and mechanical limit for the dual-phase material, the maximum rotor outer radius of 201 mm is used for the sake of comparison.
For simplicity, the two layer design is chosen for the conventional SynRel design. In order to simplify the optimization of the conventional SynRel, an upper limit of 100 mm was placed on the rotor's outer radius and the bridges and post thicknesses were fixed at 0.63 mm. As expected, the electromagnetic optimization revealed that if the SynRel motor is designed for peak power, it is unable to maintain the 5:1 required CPSR up to the top speed. It is only capable of achieving 30 kW up to a speed of 8000 r/min, and the power drops to 10 kW at the top speed, as shown in Fig. 12 . As previously discussed, this is mainly due to the high leakage flux due to the magnetic bridges and post.
The performance difference between the two designs is driven by the larger rotor outer diameter (OD) of the dual- phase SynRel. This is mainly due to the introduction of thick "nonmagnetic" bridges and center post in the dual-phase SynRel design. While the conventional SynRel design has a rotor OD of 155 mm, the dual-phase rotor is able to go to a higher OD of 199.3 mm. Following conventional machine sizing equations, it is evident that a motor with a higher rotor OD can achieve better torque density and efficiency. As can be seen, the dual-phase rotor is ∼25% more power dense compared to the conventional motor, as well as being ∼2-8% better in terms of efficiency depending on the operating point. Note that both machines are capable of delivering a peak power of 55 kW at 2800 r/min, with a maximum line current of 400 Arms.
In addition to the peak power operating condition, the comparison of the continuous power performance from 2800 to 14 000 r/min is shown in Fig. 12 . The dual-phase SynRel machine delivers higher power than the conventional SynRel machine over the entire speed regime, while held to the same voltage, current, and thermal constraints. Both of the designs appear to have similar power levels at low speeds, due to the fact that these designs are rated for the same peak power. The gap between the output powers produced by the two motors widens with increasing speeds. Clearly the dual-phase motor is able to provide the continuous power up to the top speed of 14 000 r/min, while the conventional motor cannot provide the continuous power beyond a speed of 8000 r/min.
The saliencies under the continuous power conditions are plotted in Fig. 13 . The positive effect of electromagnetic elimination of bridges and center posts using the dual-phase material clearly illustrates that even under rated power conditions, the saliency is over 4. The saliency in the dual-phase motor asymptotes to 6 with increasing speeds. On the other hand, the conventional SynRel motor is only able to achieve saliency of 3, which leads to lower reluctance torque. This reduction in saliency is due to the additional leakage inductances added by the bridges and center posts. Leakage inductances also have an impact of having less voltage available for power production, adding to the problem of reduced reluctance torque. Due to these two effects, the maximum power produced by the conventional SynRel motor dips below the specifications. Any attempt to rectify these effects will lead to an increase in motor size and will thereby reduce the power density even further.
The conventional SynRel design suffers from the higher electrical currents as well as lower output power, which the dualphase SynRel design is able to achieve.
The mechanical design of HF10 lamination features a decrease of the center-post thickness progressing radially since each post section subject to pure tension has decreasing load. The bridges also decrease in thickness as they progress toward the d-axis for similar considerations except these bridge sections see both tensile and bending components of stress. There is a trade-off between the bridge and post size but the basic trend for the bridge and post sizes as described above are common. The full speed stress results show a design which is capable of running to 14 000 r/min without any plastic deformation.
The mechanical design of this lamination features a decrease of the center post thickness progressing radially since each post section subject to pure tension has decreasing load. The bridges also decrease in thickness as they progress toward the d-axis for similar considerations except these bridge sections see both tensile and bending components of stress. There is a trade-off between the bridge and post size but the basic trend for the bridge and post sizes as described above are common. The full speed stress results show a design which is capable of running to 14 000 r/min without any plastic deformation.
Since the bottom post (radially inward) has the largest load, the most impact on the size of the bridges can be made by making this post larger without impacting electromagnetic performance since it is nonmagnetic; this post section was doubled in size to improve the mechanical performance. The two FE simulations mentioned below show the von mises stress results.
V. COMPARISON TO OPTIMIZED DESIGN WITH RARE-EARTH MAGNETS
In this section, the dual-phase SynRel design is compared to an IPM spoke (that has no bridges) design using Dy-free (Dy-free, in this sense, means NdFeB magnets not containing Dy) magnets and designed for the same set of specification [14] . The spoke design using Dy-free NdFeB magnets is optimized for power density, while meeting the peak power and continuous power specifications up to a speed of 14 000 r/min as well as maintaining preliminary form of mechanical constraints and thermal constraints. The Dy-free design chosen is an 8-pole design with 48 slots. Since the power density of any rare-earth design is a function of the magnet content allowable in the design and magnets can be expensive, the magnet content is limited to 1.1 kg in the design. An additional constraint on the design is that the Dy-free magnets must be able to withstand demagnetization at the operating temperatures of 150°C. A summary of the comparison of the dual-phase SynRel design with the Dy-free spoke design is shown in Table VII . Both designs ended up with similar air-gap radii after optimization, with the Dy-free design's rotor radius only 4% lower than the dual-phase SynRel design. Even though the designs have similar air-gap radii and are held to the same peak power and high-speed constraints, the dual-phase SynRel design is quite comparable to the Dy-free design in terms of the total active mass and has only 5% lower power density. This is a significant improvement for a SynRel design, whose conventional designs fall short from meeting the peak power and high-speed performance.
The biggest difference between the two designs is really the stack length and the stator ODs. Since the dual-phase SynRel design needs a lower turns/phase to be able to provide the continuous power at the top speed, this design ends up having a lower stator OD and a longer stack length. However, these changes do not affect the power density significantly since the mass is removed at the highest radius and is added in an axial manner.
In the dual-phase SynRel design because of the absence of magnets, for a specified q-axis current, the magnitude of the d-axis current is decided by the needed field/torque and is not determined by the magnet flux linkage. On the other hand, the Dy-free NdFeB design needs a higher d-axis current to work against the magnet flux linkage and stay within the voltage limits. Thereby the dual-phase SynRel design can have higher efficiency compared to the Dy-free design under the high-speed conditions, just because of the additional copper losses in the latter. Additionally, the absence of magnets provides the advantages of a passive rotor, the absence of a back electromotive force (EMF) under high-speed conditions as well as zero short-circuit current. Fig. 14 shows that the power capabilities (different from the 30 kW specifications) of both designs under the same current and voltage constraints. Clearly the dual-phase SynRel design has lower power capability than the Dy-free design under higher speed conditions. The dual-phase SynRel design can provide a power of 58 kW at a speed of 7000 r/min, after which the power is strictly a function of the voltage limit. The Dy-free design on the other hand, due to the presence magnets, can provide power up to 75 kW at a speed of 6000 r/min. At the highest speed of 14 000 r/min, either design is able to deliver the needed power of 30 kW, while clearly the Dy-free design can deliver almost 60 kW on a continuous basis. This determines that an IPM design gets the additional help from the magnets in achieving this feat, while the dual-phase design meets the specifications.
The efficiencies under 20% partial load conditions from speed of 2800 to 14 000 r/min for both designs are shown in Fig. 15 . Both machines beat the efficiency target by at least 2%. The Dy-free design has higher efficiency than the dual-phase SynRel design at lower speeds because it needs lower current due to the magnet field. At the higher speeds, the absence of flux weakening in the dual-phase SynRel design makes it more efficient than the Dy-free design.
The efficiency under the rated conditions of 30 kW, in Fig. 16 , shows a similar trend, with both machines close to the specifications at the low speed and performing better at higher speeds. The Dy-free design performs better than the dual-phase SynRel design at intermediate speeds between 4000 and 6000 r/min. One of the key features in the two designs is the low rotor losses and higher stator core losses. While the dual-phase SynRel design needs higher magnetic field on the rotor, it has higher rotor losses than the Dy-free spoke design, as shown in Fig. 17 . On the other hand, the stator core losses are higher in the Dy-free design due to the higher flux weakening needed, in Fig. 18 .
The flux density distribution of the two designs (under rated operating condition at the top speed) shown in Figs. 19 and 20 clearly illustrate the lower flux densities in the stator under the top-speed conditions. For the sake of comparison, the maximum flux density is limited to 2.0 and it is fairly clear that the flux density in the dual-phase SynRel design is much lower than the Dy-free design. On the other hand, the flux density contours at the peak power condition of 60.5 kW (10% higher than 55 kW), shown in Figs. 21 and 22, show that both the designs are fairly saturated and yield similar core losses due to effect of aspect ratio as explained before.
VI. CONCLUSION
This paper presented a design of SynRel motors using a new dual-phase magnetic material. It was shown that SynRel motors designed with this material overcome the classical problems of conventional SynRel motors, providing an appealing low-cost, sustainable, high power-density alternative to state-of-art IPM machines. The price of the dual-phase material is expected to be around 12-15$/kg, when manufactured for motors numbered in the 100 000 production quantity and is still expected to improve overall cost of the motor over the cost of the magnets. The optimization process has been presented and the design using the dual-phase magnetic material is compared to a conventional SynRel design with magnetic bridges and posts. The comparison shows the significantly improved power density as well as the wide 5:1 CPSR that can be achieved with the new material.
The dual-phase SynRel design is competitive to a Dy-free spoke IPM design, reaching within 5% of the power density of the IPM design. Additionally, the dual-phase SynRel design is competitive in terms of the efficiency under the rated conditions as well as the part-load conditions and meets the required specifications. In addition, the dual-phase SynRel design avoids the concerns of the uncontrolled generation due to back EMF as well as magnets demagnetization. These results confirm the significant impact of the new dual-phase material on opening up the design space for SynRel machines to the point that they can become competitive with rare-earth IPM machines.
